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Abstract
The present study analyzes the ectopic development of the rat skeletal
muscle originated from transplanted satellite cells. Satellite cells (106
cells) obtained from hindlimb muscles of newborn female 2BAW
Wistar rats were injected subcutaneously into the dorsal area of adult
male rats. After 3, 7, and 14 days, the transplanted tissues (N = 4-5)
were processed for histochemical analysis of peripheral nerves, inac-
tive X-chromosome and acetylcholinesterase. Nicotinic acetylcholine
receptors (nAChRs) were also labeled with tetramethylrhodamine-
labeled α-bungarotoxin. The development of ectopic muscles was
successful in 86% of the implantation sites. By day 3, the transplanted
cells were organized as multinucleated fibers containing multiple
clusters of nAChRs (N = 2-4), resembling those from non-innervated
cultured skeletal muscle fibers. After 7 days, the transplanted cells
appeared as a highly vascularized tissue formed by bundles of fibers
containing peripheral nuclei. The presence of X chromatin body
indicated that subcutaneously developed fibers originated from fe-
male donor satellite cells. Differently from the extensor digitorum
longus muscle of adult male rat (87.9 ± 1.0 µm; N = 213), the diameter
of ectopic fibers (59.1 µm; N = 213) did not obey a Gaussian
distribution and had a higher coefficient of variation. After 7 and 14
days, the organization of the nAChR clusters was similar to that of
clusters from adult innervated extensor digitorum longus muscle.
These findings indicate the histocompatibility of rats from 2BAW
colony and that satellite cells transplanted into the subcutaneous space
of adult animals are able to develop and fuse to form differentiated
skeletal muscle fibers.
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Introduction
The development of skeletal muscle fibers
initiates during embryogenesis, when mono-
nucleated myoblasts derived from pluripotent
mesodermic cells fuse to form multinucleated
myotubes. Subsequently, these fusiform cells
differentiate into skeletal muscle fibers with
peripheral nuclei, a mature contractile appara-
tus and compartmentalized expression of syn-
aptic proteins such as nicotinic acetylcholine
receptors (nAChRs) and acetylcholinesterase
(AChE) (1). Beyond this stage, mitosis and
DNA synthesis arrest almost completely and
the adult muscle fibers lack the ability to prolif-
erate. Upon injury, however, quiescent myo-
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genic precursor cells (satellite cells) located
under the basal lamina of individual postnatal
and adult myofibers can be activated, leading
to complete regeneration of skeletal muscle.
Once activated, these cells proliferate and fuse
to form new myofibers morphologically and
functionally indistinguishable from undam-
aged ones (2,3). In fact, recent studies indicate
that satellite cells represent a unique popula-
tion of progenitor cells committed to the myo-
genic lineage and derived from multipotent
muscle-derived stem cells (4).
The demonstration that intramuscular in-
jection of myoblasts induces fusion between
host and donor myoblasts/satellite cells in skel-
etal muscle grafts (5,6) initiated a series of
studies focusing on the transplantation of myo-
genic cells as a potential therapeutic strategy
for treatment of skeletal muscle disorders,
including Duchenne muscular dystrophy. More
recently, the therapeutic benefits of transplan-
tation of skeletal muscle precursors (myo-
blasts/satellite cells) extended to treatment of
myocardial diseases, such as infarction and
end-stage heart failure (for a review, see Ref.
7). In different animal species, it has been
reported that injection of myoblasts/satellite
cells into the heart muscle improves cardiac
contraction (8-10). Interestingly, at this site,
the implanted cells acquire some of the con-
tractile properties of cardiomyocytes (8,11).
Assuming that differentiation of multi-
potent cells occurs in response to signals
provided by their host tissue (12), in the
present study we investigated whether freshly
isolated myogenic precursor cells from new-
born 2BAW rats were able to differentiate
into skeletal muscle fibers in the subcutane-
ous region, an environment free from skel-
etal muscle cells.
Material and Methods
The experiments were conducted on adult
male (3 months old) and newborn female
Wistar 2BAW rats. The adult rats were kept
on 12-h light-dark cycles with free access to
tap water and food. All protocols were in
accordance with the Guide for the Care and
Use of Laboratory Animals (National Insti-
tutes of Health, 1986).
Isolation and implantation of satellite cells
Satellite cells were obtained from hind-
limb muscles of newborn female Wistar rats.
Briefly, the animals were killed under CO2
anesthesia, the muscles were removed and
the cells dissociated for 3 h in Hanks’ bal-
anced salt solution (HBSS), pH 7.4, contain-
ing collagenase type IA (200 U/ml) as de-
scribed by da Costa et al. (13). After me-
chanical dissociation, the cell suspension
was centrifuged at 500 g for 5 min and the
resulting pellet was resuspended in Dul-
becco’s Modified Eagle’s Medium (DMEM,
Gibco-BRL, Life Technologies, Grand Is-
land, NY, USA) containing 40 mg/l gen-
tamicin. To avoid fibroblast contamination,
the cells were preincubated in culture flasks
for 30 min at 37ºC in a humidified atmos-
phere of 90% air and 10% CO2. Non-at-
tached mononucleated satellite cells were
rinsed three times with HBSS and injected
subcutaneously (106 cells/200 µl) into the
dorsal area of adult male Wistar rats using a
0.5 ml syringe with a 26-gauge needle.
In another set of experiments, 106 satel-
lite cells were diluted in 2 ml DMEM supple-
mented with 15% fetal calf serum, seeded
onto 35-mm collagen-coated culture dishes
and maintained at 37ºC in a humidified at-
mosphere of 90% air and 10% CO2 (14). On
the third day and every other day thereafter
the medium was replaced with DMEM
supplemented with 10% horse serum (HS)
and 2% fetal calf serum. On day 7, myotubes
were multinucleated and contracting cells
indicated an appropriate maturation of the
muscle fibers in vitro.
Processing transplanted tissue
After 3, 7 or 14 days the recipient rats
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were sacrificed by section of the abdominal
aorta under ether anesthesia. The skin from
the dorsal area was removed and transferred
to a Petri dish containing phosphate-buff-
ered saline (PBS), pH 7.4. The transplanted
tissues were dissected, weighed, covered
with tissue freezing medium (Triangle Bio-
medical Sciences, Durham, NC, USA) and
immediately frozen in liquid nitrogen. The
tissues were sectioned on a cryostat at a
thickness of 8-10 µm, mounted on slides and
kept frozen at -80ºC until the time for histo-
logical analysis. The extensor digitorum lon-
gus (EDL) muscle from adult rats was used
as control.
Determination of fiber diameter
The sections were stained with hema-
toxylin and eosin, dehydrated by successive
immersions in 70%, 95% and absolute etha-
nol, and dried. The slides were then im-
mersed in xylene, mounted with Entellan®neu
(Merck, Darmstadt, Germany) and exam-
ined under a light microscope. At least three
sections from each implant were photo-
graphed with 40 and 60X objectives and the
diameter of up to 213 fibers was determined
using public domain NIH-Image 1.61 soft-
ware. Frequency histograms of the fiber di-
ameter were constructed and compared to
that obtained from the EDL muscle of adult
male rats.
Acetylcholinesterase staining
Sections were fixed in 2% paraformalde-
hyde for 1 h, rinsed with PBS and incubated
in 100 mM acetate buffer, pH 6.0, contain-
ing 2 mM acetylthiocholine iodide, 10 mM
sodium citrate, 3 mM copper sulfate, and 0.5
mM potassium ferricyanide at 25ºC, accord-
ing to the method of Karnovsky and Roots
(15). After 1-2 h, the sections were rinsed in
PBS, counterstained with hematoxylin and
mounted with 9:1 glycerin/PBS solution, pH
7.4.
Peripheral nerve staining
In order to analyze the possible innerva-
tion of muscle fibers, the peripheral neurons
were stained with the Bielschowsky silver
stain modified by Mirra et al. (16). After
AChE staining, tissue sections were incu-
bated with 20% silver nitrate solution for 15
min at 37ºC. The slides were then rinsed
three times with water and incubated with
ammoniacal silver solution at 37ºC. After 10
min, the sections were incubated with devel-
oper solution containing 0.5% formaldehyde,
50 µM HNO3, 160 µM citric acid, and 0.2%
ammonium hydroxide for 1-2 min, and rinsed
successively with 0.2% ammonium hydrox-
ide and distilled water. The reaction was
stopped with 5% sodium thiosulfate and the
slides were finally washed again in water,
dehydrated and mounted with Entellan®neu.
Nicotinic acetylcholine receptor staining
Sections were rinsed for 10 min with
DMEM containing 10% HS (DMEM-HS)
and incubated with tetramethylrhodamine-
labeled α-bungarotoxin (TRICT-α-BTX; 1
µg/ml in PBS; Molecular Probes, Eugene,
OR, USA) and Hoescht dye 33258 (0.5 µg/
ml; Molecular Probes) at 25ºC, in order to
stain the nAChRs and nuclei, respectively.
After 1 h, the sections were washed three
times with DMEM-HS and once with PBS
and covered with an anti-quenching gel
mounting solution (Biomeda Corp., Foster
City, CA, USA).
Inactive X chromosome staining
To identify the inactive X chromosome
from female rat donors the sections from
implanted satellite cells were stained with
cresyl-violet. The sex chromatin body ap-
peared as deeply stained structures in a sub-
nuclear membrane location. Briefly, the sec-
tions were fixed in methanol/acetic acid so-
lution 3:1 (v/v). After 30 min, the samples
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(GraphPad Software, Inc., San Diego, CA,
USA). Differences between means were an-
alyzed by the Student t-test, with the level of
significance set at P < 0.05.
Results
Figure 1a,b shows the subcutaneous layer
from host rats 7 days after satellite cell trans-
plantation. The transplanted cells appear as
a highly vascularized and well-defined tis-
sue weighing 23.4 ± 2.8 mg (N = 5). HE
staining of transplant sections showed multi-
Figure 1. Ectopic development of skeletal muscle induced by subcutaneous
transplantation of rat satellite cells. Satellite cells (106 cells) obtained from
hindlimb muscles of newborn female rats were injected subcutaneously into the
dorsal region of adult male rats. After 7 days, the transplants were removed,
processed and stained with hematoxylin and eosin (HE) (a,b; Bars, 1 cm). A
tissue mass formed under the skin of adult male rat after transplantation of
satellite cells. Cross-sections (c,d,g) or longitudinal sections (e,f) of transplanted
tissue (c-f) or extensor digitorum longus muscle from an adult male rat (g),
stained with HE (Bars, 50 µm). The arrows indicate the presence of vascular
formation (a,b) and the central nuclei (c,d).
were immersed in 5 M HCl for 10 min for
acid hydrolysis and rinsed in distilled water.
The samples were then incubated in 0.1%
cresyl violet solution for 30 min, rinsed five
times with water and mounted with
Entellan®neu.
Statistical analysis
Data are reported as the means ± SEM of
at least three implants. The distribution of
fiber diameter was submitted to a normality
test using GraphPad Prism v.3 software
Figure 2. Inactive X chromosome of the skeletal muscle
cells. In order to identify the origin of ectopically devel-
oped muscle fibers, sections obtained 7 days after
transplantation of female satellite cells were stained
with cresyl violet and compared to extensor digitorum
longus muscle (EDL) sections from adult female and
male rats. Nuclei containing an inactive X chromosome
(indicated by the arrows) were observed in both allo-
grafts (a,b) and female EDL (c,d), but not in male EDL
(e,f).
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nucleated cells (Figure 1c-f) that resemble
those from adult skeletal muscle (EDL, Fig-
ure 1g). Although most of the ectopic fibers
displayed characteristics of mature muscle
fibers, such as cross-striations and peripher-
al nuclei, myotubes with centrally located
nuclei were also found (Figure 1c,d, arrows),
indicating the presence of fibers in interme-
diate stages of differentiation.
The presence of X inactive chromatin,
identified as a dark stained body in close
association with the nuclear membrane, en-
sured that subcutaneous muscle fibers were
derived from female donor satellite cells
(Figure 2a,b). The X chromosome positive
nuclei were also observed in EDL from adult
female rats (Figure 2c,d) but not from male
rats (Figure 2e,f).
The transplanted tissue also exhibited
distinct features when compared to the EDL
sections, such as a higher amount of connec-
tive tissue (Figure 1c,d) and high variability
of fiber sizes. Figure 3 shows the frequency
histogram of fiber diameters 7 days after cell
transplantation in comparison to the EDL
from adult male rats. The mean diameter of
fibers from transplants was smaller (59.1
µm; N = 213) than that of fibers from EDL
Figure 3. Frequency histograms of skeletal muscle fiber diameter. Sections obtained from adult male rat extensor digitorum longus (EDL) muscle (A)
or from ectopic muscle 7 days after transplantation (B) were stained with hematoxylin and eosin and photographed with 40X objectives and the fiber
diameter was measured using public domain NIH-Image 1.61 software.
(87.9 ± 1.0 µm, N = 213) and did not obey a
normal distribution. By day 7, the coeffi-
cient of variation of fiber diameters was
33.6% whereas that from adult EDL fiber
was only 16%.
In order to analyze the developmental
expression of nAChRs, receptors were
stained with TRICT-α-BTX. Three days af-
ter transplantation, ectopic fibers expressed
multiple clusters of nAChRs (Figure 4a) that
resembled those from non-innervated cul-
tured skeletal muscle fibers (Figure 4b). By
days 7 and 14, however, the nAChRs were
distributed in a single cluster per fiber (Fig-
ure 5a-d), an arrangement similar to that
observed in innervated EDL from adult rats
(Figure 5e,f).
At this stage, the transplanted fibers also
exhibited localized expression of AChE (data
not shown). Since synaptic contact is re-
sponsible for the organization of nAChRs
and AChE clusters in vivo, we investigated
the possible innervation of ectopic skeletal
muscle fibers. As shown in Figure 6a-d,
black-stained axons and intramuscular nerve
branches were detected after silver impreg-
nation, indicating the innervation of ectopic
muscle fibers.
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Figure 5. Nicotinic acetylcholine
receptor (nAChR) clusters ex-
pressed in ectopic muscle and
in the extensor digitorum longus
(EDL) endplate from adult male
rats. Tissue sections from 7-day
(a,b) or 14-day (c,d) ectopic skel-
etal muscle fibers were labeled
with tetramethylrhodamine-la-
beled α-bungarotoxin and the
distribution of nAChRs was
compared to that observed in
the neuromuscular junction of
EDL from an adult male rat (e,f).
Figure 6. Detection of a periph-
eral nerve at the site of ectopic
skeletal muscle fibers. Fourteen
days after transplantation of sat-
ellite cells, the allografts were
submitted to peripheral nerve
staining (stained in black, a-d).
rats. The actual study was based on a similar
report that used a murine animal model and
in vitro-expanded primary myoblast cultures,
after 2-5 passages (17). It is important to
emphasize that, differently from the previ-
ous report, our study was performed on a
2BAW rat colony (18) whose isogenicity has
not been established. Besides, the ectopic
growth of skeletal muscle shown here was
obtained after subcutaneous transplantation
of freshly dissociated myoblasts, avoiding
possible artifacts induced by ex vivo expan-
sion of a muscle-derived stem cell popula-
tion. In fact, it has been recently demon-
strated that the passage procedure reduces
the percentage of cells with myogenic mark-
ers and consequently their potential for dif-
ferentiation into muscle fibers (19).
In order to eliminate the possible fusion
of transplanted satellite cells with host muscle
fibers or satellite cells, which could modify
the development of implants, the subcutane-
ous space, a skeletal muscle-free environ-
ment, was used as the recipient location. In
addition, the detection of an inactive X chro-
mosome in the nuclei demonstrated unam-
biguously that ectopic muscle fibers origi-
nated from implanted cells of female donor
rats.
By day 7, the transplanted cells formed a
vascularized tissue mass consisting of
bundles of multinucleated skeletal muscle
fibers surrounded by connective tissue. The
well-defined alignment and the fusiform ap-
pearance of transplanted cells indicate that,
following the injection of the cell suspen-
sion into the subcutaneous space, rearrange-
ment of satellite cells took place prior to cell
Figure 4. Nicotinic acetylcho-
line receptor clusters in ec-
topic muscle and in cultured
muscle fibers. Tissue sections
from 3-day ectopic skeletal
muscle fibers (a) or from cul-
tured rat skeletal muscle fi-
bers (b) were labeled with tet-
ramethylrhodamine-labeled α-
bungarotoxin.
Discussion
The present results provide histological
evidence that rat satellite cells are able to
fuse and form differentiated skeletal muscle
fibers in the subcutaneous space of adult
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fusion. These results support the idea that
muscle fiber phenotype is determined, at
least in part, by intrinsic influences that are
not dependent on the environment (20). How-
ever, the reorientation of the satellite cells
cannot explain the discrepancies observed in
the diameter of ectopic muscle fibers. Actu-
ally, during embryogenesis, the myoblasts
align and fuse synchronously to form pri-
mary myotubes, providing a suitable scaf-
fold for secondary myoblast fusion and sub-
sequent formation of a uniform muscle fiber
population (21). The lack of this environ-
ment in the subcutaneous space may be re-
sponsible for the random satellite cell fu-
sion, leading to a higher variation of fiber
size.
Another interesting aspect of the trans-
plants reported here was the detection of
AChE and nAChR clustering, feature pro-
teins from the neuromuscular synapse, indi-
cating a high stage of muscle fiber matura-
tion. Some aspects of nAChR expression in
transplanted tissue resembled those observed
during the formation of the neuromuscular
synapse. From day 3 to day 14, the ectopic
fibers expressed high-density nAChR aggre-
gates. As aneural cultured muscle fibers, by
day 3, the ectopic fibers expressed multiple
plaque-shaped nAChR clusters, whereas by
days 7 and 14, the distribution of nAChRs
was similar to that observed in adult inner-
vated muscle. Although we showed the ex-
istence of peripheral nerves in close proxim-
ity to ectopic muscle fibers, we cannot as-
sure that the developed fibers were inner-
vated by motor neurons. Besides, the inner-
vation of muscle fibers originated from ec-
topic or intramuscular injection of myogenic
progenitor cells has only been reported after
4 weeks of implantation (17,22). More re-
cently, an elegant study has demonstrated
the formation of pretzel-shaped aggregates
of nAChRs on muscle fibers by nerve-inde-
pendent mechanisms. According to Kummer
et al. (23), both laminin and fibronectin are
able to induce the rearrangement of nAChR
aggregates in aneural-cultured muscle fibers,
resembling those found in the adult neuro-
muscular junction. Since subcutaneous space
is an environment rich in laminin, fibronec-
tin and other adhesion molecules (24), it is
possible that these molecules contribute to
the correct arrangement of nAChR clusters
at the ectopic site.
Our results show that, when transplanted
into the subcutaneous space, satellite cells
obtained from neonatal 2BAW rats are able
to differentiate into multinucleated muscle
fibers containing AChE and nAChR-rich
domains, similar to those seen in adult skel-
etal muscle fibers. Since multipotent satel-
lite cells can easily grow, fuse and differen-
tiate into skeletal muscle fibers, the subcuta-
neous transplantation of freshly isolated sat-
ellite cells becomes an accessible approach
to study the molecular mechanisms involved
in the myogenesis and differentiation of
muscle-derived stem cells in vivo. In addi-
tion, our results show histocompatibility of
rats from the Wistar 2BAW colony. Although
isogenicity of the Wistar 2BAW colony, an
animal model used by many Brazilian re-
searchers, has not been proved definitively,
the recipient rats did not reject the myogenic
allografts for up to 14 days, indicating that
the 2BAW lineage became homogeneous
during the uninterrupted inbreeding of com-
mon ancestor rats for more than 5 decades.
These data also support the use of this rat
lineage in future allograft studies.
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